Electroporation, widely used in research and applications, is briefly reviewed. Both cell and artificial planar bilayer membranes exhibit dramatic changes if the transmembrane voltage is raised to ;0.2 to 1 V by various electric field pulses. Ionic and molecular transport increases by orders of magnitude, with both reversible and irreversible outcomes. Initially the term breakdown was used, but ion pair generation of classic dielectric breakdown was ruled out. Instead, a stochastic pore hypothesis is consistent with features of electroporation in planar lipid membranes. There is a rapid, nonlinear conduction increase through a rapidly evolving pore population, and this causes the fast membrane discharge previously termed '' breakdown''. Phenomena due to primary aqueous pores and secondary processes such as heating and chemical exchange have been observed in planar bilayers, cell single systems encountered mainly in vitro, multicellular systems relevant to in vivo applications, and possibly subcellular structures such as mitochondria. For membrane systems that approach nanoscales, modified behavior should occur because of conformational constraints, and deterministic processes may become more important. Understanding electroporation is a subset of a general problem: obtaining a quantitative description of how electromagnetic field-altered changes in chemical species within a biological system govern observed effects.
THE GENERAL PROBLEM
VER the past two decades electroporation Oresearch has been motivated by both applications and w x mechanistic understanding 1᎐8 . But electroporation is only part of the long standing scientific interest in the interaction of electric and magnetic fields with biological systems. Phenomena caused by short exposures to strong w x fields also include heating 9,10 , and extreme conformaw x tional changes of voltage-gated channels 11,12 . Far less dramatic effects occur with exposures to small fields.
The general problem includes animal navigation, endogenous fields and currents, drug delivery and other medical interventions, and possible human health hazards from environmental and occupational electromagnetic w x fields 6,13᎐17 . These topics are all related. A unified understanding of biological effects of electromagnetic fields can be sought by seeking quantitative understanding of the field-induced change in one or more biochemical Ž . species ions and molecules in the context of a biological w x system 18 .
CONDITIONS FOR EFFECTS
There is long standing interest regarding conditions for which electromagnetic field effects are expected in biological systems. Although particularly an issue for weak fields, it is also relevant for strong fields, particularly for tissue electroporation in ®i®o. Briefly, the challenge is to understand how field induced changes from the field exposure can stand out against changes due to other influences. w x w x Both physical 19,20 and chemical 21᎐24 changes can be considered, and thresholds estimated using signal-to-noise Ž . ratio, SrN , criteria. Most physical assessments have emphasized criteria based on the field-induced change in quantities such as the transmembrane voltage change, ⌬U m w x w x 19 , or on heating 25 . However, significantly more restrictive constraints arise if a generalized chemical noise is considered. For exam-because non-ionizing fields can only alter rates of chemical transport and chemical reactions, and it is the fieldaltered accumulation of chemical amount that is considered. Chemical-based assessments can also provide a basis for predicting chemical changes that anticipate what can be measured after the field exposure, and threshold estimates can include all significant sources of competing w x chemical change 18 . This is highly relevant to electroporation experiments that measure cellular uptake or altered cellular function.
More specifically, a threshold exposure can be esti-Ž . mated using SrN in which the signal, S, is the CHEM chemical change due to the field exposure, and the generalized chemical noise, N, is the variability in the quantity of the same chemical species due to all significant competing chemical changes during the exposure. This includes Ž . fundamental chemical noise molecular shot noise and also changes in chemical amounts due to temperature w x variations, V 23,24 . Under in ®i®o conditions additional chemical noise should be expected, due to normal physiological variations, tissue deformation by normal body acw x tivity, and endogenous electric fields 18 .
The possible effects of strong field pulses can also be Ž . assessed using SrN . In the case of normal tissue CHEM movement, there are impressive observations of molecular uptake due to transient cell membrane openings associw x ated solely with mechanical cell deformation 26᎐28 . However, electromechanical membrane deformation may w x itself also be involved in electroporation 29᎐32 , particularly of suspended cells that are not mechanically constrained by being bound to neighboring cells within a solid tissue. A further complication is electrically stimulated Ž . movement of tissue, with two origins: 1 electrical stimu-Ž . lation of muscles, and 2 the general, passive deformation of tissue under the influence of a strong electric field because of the average dielectric properties of tissue. Interpreting the contribution of electroporation and mechanical strain to cellular uptake should consider quantitatively the relative contributions of ''mechanical only mechanisms'' and ''strong field mechanisms'' to uptake. INTRODUCTION According to experimental observations and the tranw x sient aqueous pore mechanism hypothesis 1᎐5,7,33 , the Ž . main features of electroporation involve 1 application of Ž y6 y1 . Ž . short ;10 to 10 s electrical pulses, 2 charging of Ž . lipid bilayer membranes, 3 rapid, localized structural re-Ž . arrangements within the membrane, 4 transitions to water-filled membrane structures which perforate the mem-Ž . brane ''aqueous pathways'', ''pores'' or ''hydrophilic Ž . pores'', and 5 tremendous increase in ionic and molecular transport through the membrane. Whether or not the membrane system fully recovers depends on many factors.
EARLY OBSERVATIONS
Early experiments exposing cell membranes to strong electric fields involved diverse systems, ranging from nerves to bacteria. In 1958 the nodes of Ranvier of nerves w x were reported to involve some type of ''breakdown'' 34 . Almost a decade later damaging effects of strong electric fields on microorganisms were reported suggesting nonw x thermal membrane interactions 35᎐37 . Subsequent experiments showed that strong electric field pulses caused w x molecular transport across a biological membrane 38 .
Artificial planar bilayer membrane measurements provided strong support for the transient aqueous pore hypothesis, initially reported in seven back-to-back papers w x 39᎐45 , and then in a series of further experimental and Ž w x . theoretical studies only some 46᎐48 cited here .
Further evidence for chemical transport through membranes involved experiments with red blood cells w x 31,49᎐54 . Erythrocytes were also used to demonstrate that DNA delivery into a cell is associated with dielectric w x breakdown of the cell membrane 55 but this did not involve the critical and important demonstration of transw x fection, which was reported later 56 .
Well before humans carried out electroporation experiments, nature may have used electroporation due to lightning strikes into the sea and land, to fuse or transfect microorganisms. The fusion hypothesis was suggested first w x 57 . Recent experiments using artificial lightning strikes w x into soil show that microbial transfection can occur 58 . It is therefore possible that electroporation has played a role in evolution, before conjugation evolved to accelerate horizontal gene transfer.
PLANAR MEMBRANES
Planar membranes have the geometric advantage of providing electrical and chemical access to both sides of a membrane, which is often of macroscopic size. The basic construction is a planar sheet of biomolecular lipid mem-Ž brane or bilayer lipid membrane BLM; no membrane . proteins such as channels and enzymes in basic form w x 59,60 . To better approximate cell membranes membrane macromolecules can be integrated into BLMs, yielding reconstituted membranes.
Significant membrane tension exists in most planar bilayer membranes. Application of a long, moderate transmembrane voltage can create irreversible breakdown Ž . rupture . In contrast, application of much larger but shorter pulses cannot break the same membrane. Instead the large shorter pulses cause reversible electrical break-1070-9878r r r r r1r r r r r$17.00 ᮊ 2003 IEEE . compression and thinning ; C, Lateral fluctuation or ''hydrophobic w x pore'', envisioned to be a precursor to a hydrophilic pore 39, 69 , and w x a possible route for water transport 75 ; D, Hydrophilic pore bew x lieved to dominate electroporation onset 39,69,76 ; E, Composite w x pore involving a membrane protein 3 ; F, ''Foot-in-the-door'' interaction based on insertion of a long, charged molecule into a hyw x drophilic pore while U is large 3 . m down by creating a high conductance state that rapidly w x discharges the membrane before it can rupture 61᎐64 . Initially deterministic mechanisms for membrane rupw x ture were sought 65᎐69 . A deformable membrane can compress as U increases, eventually leading to instabil- Figure 1D based on transitions from much more numerous hydrophobic pores Ž . Figure 1C . As depicted here, the basic idea is that a circular region of membrane is replaced with a hydrophilic pore. This can be thought of as a ''cookie cutter'' mechanism, in which a new hole cut out of the membrane reduces the membrane energy, while simultaneously a highly strained new circular edge increases the membrane energy.
the rate of pore creation increases nonlinearly with larger U . A pore population described by a pore density funcm tion quickly arises, and gives electroporated regions of a membrane rapidly changing electrical conductance. The local membrane resistance therefore drops rapidly.
But this resistance decrease alters the rate at which pores can be created. The local transmembrane voltage at the site of a pore, U , is smaller than the spatially averm, p aged U . The local decrease is due to the ''spreading'' or m ''access'' resistance at the entrance and exit of each pore, which involves a locally inhomogeneous electric field within the bathing electrolyte at both ends of the pore. A consequence is that as pores expand, the fraction of U m appearing across the pore itself decreases, which slows the growth of pores. This effect has been incorporated into some transient aqueous pore models of electroporation w x 47,63,64,74 .
Moreover, once the membrane has acquired sufficient pores, slight, agile shifts in the mean pore radius allow the electroporated membrane to approximately regulate the local U . Transient aqueous pore models have now been . drophilic pore transition , and a heterogeneous pore population develops, creating a nonlinear, hysteretic membrane conductance increase that interacts with external conduction pathways.
Recovery of an electroporated membrane is much less well understood than the poration phase of electroporation. As the ⌬U due to an applied E begins to slow and m e then decrease, at some time the ionic conductance of the pore population begins to decrease. This can be regarded as the beginning of membrane ''recovery'' or ''resealing''. As the pore-expanding electrical interactions fade, partly through membrane discharge through the pores, and the local transmembrane voltage, U , begins to decrease, m,pore pore expansion slows. According to the transient aqueous pore hypothesis, planar membrane recovery has two con-Ž . tributions: 1 Diffusion in pore radius space, yielding a Ž . fluctuating return to a small primary pores on average, Ž . and 2 Sudden, random transitions of these small pores Ž . to a pre-pore no pore state at this membrane location. Significantly, measurements of fluctuations in electropow x rated membranes 48,82 are consistent with transient w x aqueous pores 39,69 .
Recovery appears to depend significantly on temperature. This is expected, because during most of the recovery phase U is small, and the originally strong electrical m interactions are replaced by weaker interactions that depend on membrane and medium composition, with thermal fluctuations now of great importance. In a pure bilayer lipid membrane a thermally activated process is hypothesized to govern the disappearance of hydrophilic pores.
CELL MEMBRANES
Cell membranes are much more complicated than artificial planar bilayer membranes, with respect to geometry, composition and the presence of active processes. A wide variety of cell studies have been carried out, almost all motivated by introducing molecules or ions into the cell, with motivations that range from basic research to clinical interventions.
LOADING SUSPENDED CELLS
The great majority of applications involve placement of Ž an aqueous cell suspension cell-cell separation 4 cell . Ž . size into a small chamber a cuvette with two parallel plane electrodes. DNA or other molecules to be loaded are provided in the suspension, outside the cells, and one or more pulses applied. Typically one fraction of the cell population takes up the desired molecule and survives, but many cells may either die or not take up significant amounts of the molecule. In transfection protocols genetic material is loaded, and if only a few loaded cells survive and express the genetic material occur, the protocol is usually viewed as a success, because such transfected cells Ž . can be grown up amplified , and the overall result is a clone that can be further expanded and fruitfully used in biological research.
Loading of cells in suspension with microsecond to mil-Ž lisecond pulses involves large electric fields field pulse in the aqueous electrolyte of order E ;10 5 V m y1 for e . mammalian cells with characteristic size L ;10 m .
cell Bacteria are about an order of magnitude smaller, and require about a ten fold larger E .
e Quantitative determinations of the number of molecules taken up are needed for comparison to models and theories, and to help guide applications. Uptake that reaches Ž equilibrium with the external medium ''equilibrium up-. take'' occurs if the extent and duration of the increased membrane permeability allows the intracellular chemical concentration to equilibrate with the external supply concentration. Equilibrium uptake is readily understood, provided the membrane openings are large enough to accommodate the molecule, and the extra-cellular environment is sufficiently large that it can be regarded as a reservoir. The effective partition coefficient for the intra-to extracellular environment can be included in determining w x whether equilibrium is achieved 83 .
Ž
. Non-equilibrium uptake far fewer molecules taken up w x 84 is more difficult to understand, particularly in the cases that the amount of uptake reaches a far-from-equilibrium plateau as the field pulse magnitude is increased. Plateau behavior has been observed for charged molecule w x uptake 83,85,86 , which is qualitatively consistent with the approximate plateau in U predicted by the transient m w x aqueous pore mode 64 . Combined measurements of cell viability and molecular uptake can involve the stringent test of clonal growth in which the fluorescence of microw x colonies is determined 87 .
LOADING INDIVIDUAL CELLS
Loading of cells individually should provide more insight and control. Theories and models could be better tested against experimental results, and subsequent applications improved. A flow-through microfabricated system w x has been demonstrated 88᎐90 in which individual cells are transported by flow to a microhole capture site, the cell is temporarily held against the microhole edge, the Ž cell electrically measured and pulsed simultaneously with . optical measurement also possible , and then the cell is released, with this cycle repeated serially in the flowthrough device.
Alternatively, ultramicroelectrodes can be positioned near cells, and then pulsed with low voltages to preferentially electroporate a nearby region of cell membranes w x 91,92 . The applied field is very heterogeneous, owing to the use of two small electrode tips, but the cell can be 1070-9878r r r r r1r r r r r$17.00 ᮊ 2003 IEEE simultaneously patch clamped. Both single cell electroporation methods allow electrical behavior and fluorescent molecule uptake to be measured.
MOLECULAR AND IONIC TRANSPORT MECHANISMS
Movement of molecules and ions through electroporated membranes is believed to occur mainly by electrophoresis and diffusion. Minimum size hydrophilic pores Ž . Figure 1D have a large resistance due to the large Born Ž . energy cost of ion and charged molecule insertion into w x the pore and also due to hindered motion 47,63,64,69,80 . Pores therefore tend to expand to create the small resistance needed to quickly discharge the membrane capacitance, an essential aspect of reversible electroporation. Creation of pores larger than r f1 nm also benefits r,min molecular transport. Neutral and charged molecules need to fit into a pore, or to expand the pore, to be transported through the electroporated membrane. A broad, quantitative description of molecular transport has not yet been achieved.
A contribution by electro-osmosis has been suggested w x 93 but the pore length along which coupling to flow can Ž . occur is small ; 5 nm and electro-osmosis has not been emphasized subsequently. Active uptake such as endocytosis may occur, but as a secondary transport processes w x after cells have been stimulated 94᎐96 . . of metastable pores can generate the same electrophoretic transport with a much smaller number of pores than is present during the pulse. If the intra-and extracellular ion concentrations are not quickly erased, then the metabolically driven ion pump activity should not immediately cease, and in spite of the electrical load of the relatively low resistance metastable pores, U will not be zero m after the pulse. 
ROLE OF RESTING POTENTIAL IN UPTAKE

An order of magnitude estimate is
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FOOT-IN-THE-DOOR HYPOTHESIS
Enhanced uptake of small ions and molecules over a Ž prolonged time may occur if a long macromolecule e.g.
. unbranched dextrans, other polymers, DNA temporarily w x reside with a fraction of their length inside a pore 3 . This ''foot-in-the-door'' hypothesis assumes that the long molecule interacts repulsively with the pore walls at short Ž distances, tending therefore to hold the pore open inhibit . resealing until the long molecule leaves the pore. This is relevant to diffusive and electrophoretic post pulse transport.
Existence of this effect is qualitatively consistent with the altered transport of fluorescent-labeled dextrans into w x cells 103 and of two small fluorescent molecules across w x human stratum corneum 104 , which is a barrier comprised of multilamellar lipid bilayers that separate com-Ž . partments of water and keratin corneocytes . A model for w x passive entry of DNA has been proposed 105 , and might also be examined to determine whether enhanced small ion and molecule transport should result.
MOLECULAR ELECTRO-INSERTION INTO MEMBRANES
The surprising and striking demonstration of stable insertion of macromolecules into cell membranes may be related to the foot-in-the-door hypothesis, and provides a convincing demonstration that electroporation involves more than a permeability increase. An illustrative hypothesis is that an absorbed molecule is near the site of a forming pore, a combination of local electric fields and fluctuations cause one end of the molecule to enter the pore while the other end is bound, and the pore eventually reseals around the hydrophobic portion of the molecule, resulting in electro-insertion. Recombinant CD4 
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r r r r1r r r r rw x shift in the molecule's equilibrium position 110 . This may provide a mechanism for changing the protrusion of such molecules from the membrane, which in turn may alter w x the accessibility of binding sites 111 . Such conformational changes that involve relative movement of the membrane and a membrane molecule deserve further consideration.
CELL INACTIVATION AND KILLING
Non-thermal damage to cells can be used to inhibit or w x eliminate undesired cells 35᎐37,112᎐117 and also plays a w x major role in electrical injury 10 . Two possibilities are Ž . apparent: 1 some regions of a cell membrane behave as a planar membrane, and if the membrane tension is significant, rupture of the region's membrane may occur, creating a long lasting opening that leads to lethal biochemi-Ž cal imbalance similar in action to a pore-forming antibi-. Ž . otic , and 2 reversible membrane electroporation occurs, but nevertheless creates a biochemical imbalance from which the cell does not recover.
Electroporative delivery of a few hundred bleomycin molecules from nanomolar concentrations outside a cell is w x well established to cause cell death 118᎐120 , and is an impressive example of non-thermal killing cells by chemical entry from the extracellular medium. The non-thermal pulsing and extracellular medium conditions needed to kill or inhibit cells by loss of biochemicals probably relies on simultaneous depletion of several crucial ions and molecules, and appears less well understood.
CELL MEMBRANE RECOVERY
Recovery of cell membranes appears to be more complicated than in artificial planar bilayer membranes, where thermally activated hydrophilic pore destruction is exw x pected 44,63,64,74᎐81,121 . Cell membrane tension is often significantly smaller, but can also vary due to osmotic Ž changes and external mechanical forces. If large e.g. ;1
. w x m secondary pores arise 2,122 , then purely physical recovery may occur in suspended cells or large vesicles w x 123,124 .
However, active processes may be important in living cells. The idea that the cell membrane is a fixed barrier to most lipid bilayer-impermeant ions and molecules has w x been convincingly challenged 26᎐28 , particularly for cells in ®i®o where motion and deformation are normal for most tissues. Specifically, cell membrane '' wounding'' has been shown to transiently compromise the membrane barrier function in many cells of tissues that experience movement. Further, a very effective and active membrane recovery process is involved, preventing frequent membrane openings from killing cells. This suggests that such active processes may also be involved in some aspects of recovery or resealing of living cells that have been electroporated.
However, a basic feature of electroporation is the rapid Ž creation of many membrane defects of order 2 nm diam-. eter , whereas cell wounding appears to involve much Ž 2 . larger areas of cell membrane e.g. ;1 m . It is therefore not yet clear how the recovery of cells from '' wounding'' is related to cell membrane recovery after electroporation.
ISOLATED CELL APPLICATIONS
The most widely used electroporation protocols are carried out in ®itro with suspended cells that are widely separated. The following are examples of the diversity and flexibility of using strong electric field pulses to manipulate isolated cells.
EX VIVO CELL TREATMENT
Cells can be removed from the body, electroporated, and then re-introduced into the body. An interesting example consists of removing blood, supplying a small molecule that alters oxygen binding to hemoglobin, electroporating blood in a flow-through system, and then rew x turning the treated blood to the body 125 .
Some inhibition and killing processes lend themselves easily to a flow mode of operation, as to some medicallyw x motivated cell manipulations 88᎐90,114,125,126 . A fundamental attribute of flowing a cell preparation through an electroporation system is the straightforward scale-up that is achieved by using progressively longer treatment times.
CELL STIMULATION
A special case of cell loading involves the introduction of externally supplied ions or molecules such that electroporation creates a response similar to that of other agents. Ž For example, introduction of calcium ions ubiquitous in . most natural media creates ''calcium puffs'' within a treated cell, such that the cell response mimics hormonal w x exposure 127 .
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CELL INHIBITION AND KILLING
The use of electrical pulses to temporarily halt, kill or remove undesired cells is extremely attractive. Not surprisingly, since the early reports of non-thermal microbial killing effects there has been considerable effort to understand and apply the use of strong electric fields to treat systems that are considered to have contaminant cells. Although not fully established, the underlying concepts appear to be very similar qualitatively to some of the concepts underlying electrical shock injury to humans. Specifically, although Joule heating generally leads to denaturation and inactivation, electroporation creates membrane Ž . barrier compromise, undesired from the cell's viewpoint Ž and transport in both directions loss of important bio-. chemicals; entry of deleterious biochemicals . Heating and electroporation-induced biochemical imbalances can both be used to combat undesirable cells, whether mammalian cancer cells or microbial pathogens.
Early work in the late 1960s set the stage for attacking w x microorganisms 35᎐37 . Since then many other investigators have looked at the use of electroporation to inhibit Ž . Ž . stun or kill purge undesired cells from aqueous enviw x ronments 8,112᎐117,128 . Inhibition and killing can both be beneficial, but the general nature of the effect on the Ž . cell or small multicellular pest is quite different. Inhibition means arresting activity, not necessarily permanently, whereas killing is final. Stunning of pests can be approached by using relatively short pulses that minimize the energy demands of an overall treatment process w x 25,112,115 .
ANTIBODY DELIVERY INTO CELLS
The general nature of electroporation can be combined with the high specificity of antibodies to block specific molecules within living cells. This was first demonstrated w x in yeast 129 , and has been extended to other types of w x y1 cells 130,131 . The large size ;150,000 g mol of antibody molecules and the ability to target specific intracellular epitopes makes this method particularly impressive.
EXTRACELLULAR ENVIRONMENT
Both the composition and volume of the extracellular medium should be important. Electroporative cell loading is based on the premise that molecules introduced into the extracellular medium can be delivered into cells. But transport can occur in both directions across a membrane, or on opposite sides of a cell. Clearly the chemical composition of the extracellular medium is important. Loss of crucial intracellular biochemicals may also occur. If pores remain open long after the pulse ceases, and the extracellular volume is small compared to the intracelluar volume, then the net loss may be small. Some outward transported molecules may be transported back into the cell, or even from one cell to a neighboring cell. The relative extracellular environment should therefore w x be considered 7,132 . As noted with respect to non-thermal cell inactivation and killing, while membrane recovery is incomplete a cell may accumulate chemical stress through loss of ions and molecules into the extracellular fluid. This leads to the simple hypothesis that the ratio of intra-to extracellular volume,
Ž . 
.
This is a factor of 10 5 difference. It suggests that for the same transmembrane voltage changes, in ®i®o tissue electroporation may lead to significantly less chemical stress and greater survival rates than in ®itro conditions.
MULTICELLULAR SYSTEMS AND TISSUE
Tissue electroporation in ®i®o was first described in an w x early demonstration of electrochemotherapy 133 . Electroporation of a viable tissue model barrier system was Ž then observed in ®itro, using viable frog skin experimentally similar to planar bilayer membranes; a thin sheet of . w x tissue is used 134 that allowed electrodes to be placed on both sides of the skin, and electrical behavior to be measured. Tissue electroporation can occur as an incidenw x tal consequence of cardiac defibrillation 135,136 , which involves large tissue electric fields. However, most research of tissue electroporation has involved bulk solid tissue for local delivery of cancer drugs or for gene therapy, and is presently very active.
LOCAL DRUG DELIVERY TO TUMORS
Enhanced treatment of solid cancer tumors led to the first observation of tissue electroporation, which involved 1070-9878r r r r r1r r r r r$17.00 ᮊ 2003 IEEE a ''solid tissue'', a multicellular system with many cells in close proximity, with introduction of the anticancer drug w x bleomycin into electroporated cells 133 . This was fol-Ž lowed by a vigorous investigation of ECT electrochem-. otherapy , leading to clinical trials and continuing vigorous research in treating electrically-accessible tumors w x 6,137,138 .
GENE THERAPY
Gene therapy by physical methods is of increasing interest, because the use of viral vectors is viewed as posing risk of immunological adverse reactions. Physical intervention based on tissue electroporation to introduce genetic material has therefore generated considerable interw x est, and is described in detail elsewhere 6,120,139,140 .
SKIN ELECTROPORATION
Human skin presents a highly effective barrier against desiccation, mechanical injury, entry of infectious microorganisms and toxic chemicals, and attempts at trans-Ž . dermal drug delivery. The stratum corneum SC is the Ž . dead, outermost layer ; 20 pm-thick , and the site of w x most of the barrier function 141 . The SC barrier is usually represented by a brick wall model, with keratin-filled Ž . corneocytes ''bricks'' surrounded by multilamellar lipid Ž .w x bilayers ''mortar'' 141,142 .
Skin electroporation is based on the idea that ;100 lipid bilayer membranes must be penetrated by a molecule which moves through the SC to reach the viable epidermis. If U ; 0.5 to 1 V electroporates single bilayers for m short pulses, then pulses which cause the transdermal voltage to reach U ; 50 to 100 V should cause electroskin poration of the multilamellar bilayers within the SC w x 143,144 . For U -5 V iontophoresis through pre-existskin ing pathways occurs, and for 5-U -50 V electroporaskin tion of the cell linings of sweat ducts and hair follicles sets w x in 145 . However, most of the skin is covered by the dead SC, which should electroporate for U ) 50 V. Experiskin ments confirm this expectation. In ®i®o protocols using transdermal pulsing show that skin irritation and damage w x is minimal 146 , consistent with the estimated temperaw x ture rise 147,148 .
A microporous keratin matrix within corneocytes blocks w x large molecule transport 149 . To overcome this blockage, skin electroporation has been combined with benign w x molecules which disrupt keratin 150 . Electroporation is spontaneously concentrated at localized transport regions Ž . LTRs located almost randomly over the skin w x 149,151,152 . However, an electrically resistant mask with an array of microholes can restrict electroporation to prew x determined sites 153 . The result is in situ creation of w x microconduits 154,155 , which are SC-spanning openings that can transport essentially any size molecule. Ž . shown just as electroporation begins left and has reached its maximum extent for a 5 s square 1100 Vrcm pulse with a realistic rise Ž . time right . This didactic model of a multicellular system has fifty Ž irregularly shaped cells with passive membrane interactions fixed re-. Ž sistance and capacitance and active membrane interactions nonlinear current source representing all the ion channels at each membrane site, and a hysteretic U -sensitive local membrane resistance m . transition that approximates electroporation . Both weak and strong electric field responses can therefore be represented in a single system model.
ELECTRICAL INJURY
For many years electrical shock injury was attributed to Joule heating. A major advance occurred when it was shown that electroporation can play an important role. Electroporation is particularly important for the larger, more ''electrically susceptible'' skeletal muscle and nerve cells, and is involved in non-thermal, delayed damage w x 156᎐158 .
A related important advance is the demonstration that surfactant molecules can be introduced in small amounts to seal electroporated cell membranes, providing the basis w x for a therapy after electrical shock 10,159 . The scientific insight into injury and the new approach to therapy comprise an important contribution to understanding electroporation.
MULTICELLULAR THEORY AND MODELS
Theoretical models and computer simulations have been used to predict the tissue regions which should have electroporated cells, and therefore take up drug, based on a criterion of an average electric field magnitude, in combi-Ž nation with pulse temporal features pulse shape and du-. ration, number of pulses in a pulse sequence . Finite element models for solid tissue have been used in which the Ž . computational volume elements voxels are much larger w x than the cells 160 . This is consistent with the widespread use of simulations to predict ''dosimetry'' of low amplitude electric and magnetic fields on the spatial scale of order w x Ž . mm 161 each mm-scale voxel has ;106 cells .
A theoretical analysis of electrical impedance tomogra-Ž . phy EIT also treats tissue as a homogeneous medium, 1070-9878r r r r r1r r r r r$17.00 ᮊ 2003 IEEE but used a field-dependent switching transition that shunts the tissue voxel capacitance associated with cell memw x branes 162 . This feasibility study concludes that EIT should be able to detect the decreased tissue impedance caused by electroporation.
A transport lattice modeling method has been described which allows multicellular models to be created with nonlinear interactions, including simple representa-Ž . tions of local membrane electroporation Figure 4 . This method for creating and solving models can be used to approximate cells, multicellular systems and subcellular systems, using local models that represent passive and active membrane processes. A didactic multicellular model predicts that electroporation should exhibit significant heterogeneity, but with invaginations and cell layers conw x taining tight junctions as preferred sites 163 .
SUBCELLULAR SYSTEMS
The possibility of preferential interaction with subcellular, membrane-encased structures is based on the idea that ultrashort pulses may cause significant ⌬U of subcellular The inner mitochondrial membrane is highly invaginated, with an area five to fifteen times that of the outer w x membrane 174 , so a proportionately larger capacitance and longer charging time is expected. The inner memw x brane is also ; 75% protein 174 , and includes the mito-Ž . chondrial permeability transition pore complex MPTP w x 176 .
With this in mind, another possibility exists. It is known that biochemically-induced apoptosis involves the MPTP w x 176 , which opens to allow nonspecific transport of small molecules up to 1,500 g mol y1 . Moreover, the mitochondrial membrane voltage-dependent anion channel is imw x plicated in apoptosis 177 .
The alternative hypothesis is that ultrashort, large pulses preferentially change the transmembrane voltage at mitochondrial membrane sites, opening the MPTP. The inner membrane MPTP has been reported by several groups to w x be voltage sensitive 171,178᎐180 . The outer membrane is w x also reported to have voltage sensitive channels 180 . The response of cells to large, ultrashort pulses may therefore be due to voltage gating of the MPTP and other channels, with both the inner and outer mitochondrial membranes involved. Patch clamp measurements might provide a test, using transmembrane voltage changes that are the same as those created in situ at mitochondrial membranes by large, ultrashort pulses. The response of two membrane Ž . systems could be compared: 1 reconstituted membranes Ž . with the MPTP and other mitochondrial channels, and 2 pure lipid bilayers. It is not clear whether a double membrane system would be required, because one membrane Ž . probably the inner may dominate the response.
For completeness it should be noted that other experiments with very pulses have also observed apoptosis, but did not attribute this to interactions with subcellular w x structure membranes 182 .
SPATIALLY CONSTRAINED MEMBRANES
The membrane conformational changes associated with electroporation should be increasingly constrained as the size of a lipid membrane region is decreased. Stochastic processes may be suppressed and deterministic deformations may become more important. Membranes with high protein content, and membrane interactions with the cytoskeleton, may both result in restricted membrane regions that are capable of behaving like small planar bilayer membranes. Consider a circular patch of lipid membrane. The minimum lipid patch radius capable of accommodating a minimum size hydrophilic pore is r f r q d r2 f 3.5 nm 3
Ž . Voltage-gated specific ion channels, relatively nonspecific but voltage sensitive pore-forming proteins and transient hydrophilic pores are all members of a general class of non-thermal mechanism that increase membrane barrier permeability through electrically induced conformational changes. More than one interaction mechanism may therefore be involved in the response of protein-rich membranes of Gram negative bacteria and mitochondria to electrical pulses of various magnitudes and durations.
Supported or tethered bilayer membranes may provide a model system for investigation of electroporation in spatially constrained membranes. Significant spatial constrains should arise because the membrane is anchored to w x an underlying solid surface by chemical linkages 184 . These attachment sites should provide explicit conformational constraints. If the average distance between sites is Ž . less than r of equation 3 , hydrophilic pore formali p,min Ž tion should be inhibited. Supported bilayer membrane s-. BLM can contain a significant number of pre-existing perforating defects that shunt the high resistance of the w x lipid regions 185,186 . However, just as open membrane channels do not prevent cell membrane electroporation, it may be possible to cause electroporation of tethered bilayer membranes. It may also be possible to seal the preexisting defects using surfactants, as demonstrated for w x electrically damaged cell membranes 159 . Electrostriction of supported lipid bilayers should be relevant to understanding some aspects of electroconformational w x changes 187 . Finally, if the tethering molecules can be Ž spatially constrained e.g. located only on a small scale . Cartesian grid , then fluid lipid patches of defined spatial extent might be obtained, and used to experimentally investigate spatially constrained electroporation.
SUMMARY
IOLOGICAL transport barriers are often based on Bone or more lipid bilayer membranes. Electric field pulses that drive the transmembrane voltage to 0.2 to 1 V Ž are hypothesized to create primary aqueous pathways hy-. drophilic pores with minimum size of ;1 nm. A dynamic interaction involving both external membrane charging and internal membrane discharging governs a rapidly evolving pore population, which in turn controls electrical behavior and molecular transport. Secondary phenomena can arise from chemical imbalances and from cell stimulation.
In membranes with large areas of fluid lipid electroporation is believed to involve transient hydrophilic pores that are created in the fluid lipid regions of a membrane, due to both electric field interactions and thermal fluctua-Ž tions. In spatially constrained membranes e.g. mitochondrial membranes with ; 75% protein; supported or teth-. ered membranes the stochastic model of hydrophilic pores may not be applicable, and other membrane rearrangements may be involved in creating aqueous pathways through the membrane. Phenomena caused by ultrashort, very large field pulses may involve such electroporation mechanisms, or may involve conformational triggering of membrane macromolecular structures such as the mitochondrial permeability transition pore complex.
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